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(57) Abstract 

A method and apparatus for producing schedules for a wafer in a multichamber 
semiconductor wafer processing tool comprising the steps of providing a trace 
defining a scries of chambers that are visited by a wafer as the wafer is processed by 
the tool; initializing a sequence generator with a value of a variable defining initial 
wafer positioning within the tool; generating all successor variables for the initial 
variable value to produce a series of values of the variable that represent a partial 
schedule; backtracking through the series of variables to produce further partial 
schedules; and stopping the backtracking when all possible variable combinations 
are produced that represent all possible valid schedules for the trace. All the possible 
schedules; are analyzed to determine a schedule that produces the highest throughput 
of all the schedules. 
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METHOD AND APPARATUS FOR AUTOMATICALLY GENERATING 
SCHEDULES FOR WAFER PROCESSING WITHIN A MULTICHAMBER 
SEMICONDUCTOR WAFER PROCESSING TOOL 

5 B&rTgRROUND OF THE TNVPOT^pK 

1. Field of the Invention 

The present invention relates to a multiple chamber 
wafer processing tool and, more particularly, to a method 
and apparatus for automatically generating a schedule (s) for 
10 a semiconductor wafer within a multiple chamber 
semiconductor wafer processing tool. 

2. Description of the Background Art 
Semiconductor wafers are processed to produce 
15 integrated circuits using a plurality of sequential process 
steps. These steps are performed using a plurality of 
process chambers. An assemblage of process chambers served 
by a wafer transport robot is known as a multiple chamber 
semiconductor wafer processing tool or cluster tool. FIG. 1 
20 depicts, in part, a schematic diagram of an , illustrative 
cluster tool known as the Endura* System manufactured by 

Applied Materials, Inc. of Santa Clara, California. 

The cluster tool 100 contains, for example, four 
process chambers 104, 106, 108, 110, a transfer chamber 112, 
25 a preclean chamber 114, a buffer chamber 116, a wafer 

orienter/degas chamber 118, a cooldown chamber 102, and a 
pair of loadlock chambers 120 and 122 . Each chamber 
represents a different stage or phase of semiconductor wafer 
processing. The buffer chamber 116 is centrally located 
3 0 with respect to the loadlock chambers 120 and 122, the wafer 
orienter/degas chamber 118, the preclean chamber 114 and the 
cooldown chamber 102. To effectuate wafer transfer amongst 
these chambers, the buffer chamber 116 contains a first 
robotic transfer mechanism 124. The wafers 128 are 
35 typically carried from storage to the system in a plastic 
transport cassette 126 that is placed within ne of the 
loadlock chambers 120 or 122. The robotic transport 
mechanism 124 transports the wafers 128, one at a time, from 
the cassette 126 to any of the three chambers 118, 102, or 
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114. Typ ically , a given wafer 

orienter/degas chamber lis rta , the Wafer 

^ . J " LU ' then moved to the nT . Q/ ,i 

chamber 114 Th p mr>i^ ^ Preclean 

s chambers X04 0 r 8 u„ ^ **" 
' l[Jb ' 108 ' HO. Individual wafers 
-on a wafer transport blade uo - « «. carr.ed 

*.tU end „ £ the- first rototic « ~ ^ 

access to the four process chambers 104 me 

-11 as the preclean chamber 1 " U ° " 

102. To effectuate trZpLt M£ 

cna^ers. the transfer chLl u co ^TaT ^ 

transport mechanic Ua . ^ ^ ' ~« « 

15 "~ 134 attached to its d su enTf 

the individual wafers ,„ for cari Ting 

-de U4 0 f thettnd ^^T^ — 

to the f lrSt stage of processing, f or a * . r 

« vapor deposition (PVD) stage within ^ ^ 

wafer is processed and the pvd at*™ „ the 

the wafer, the wafer c -nth k P ° SltS material "^n 

uae water can then be moved to a second 

processing and so on. Stage of 

25 ch K 0 " 6 Pr ° CeSSing is «-*l«te within the process 
25 chambers, the transport mechanism 132 aoves the wafer from 
the process chamber and transports the wafer to thl ,7 
chamber 102. The wafer 6 cooldow n 

chafer using th ^ ^ ~ f ™ *• cooldown 
buffer chaJr / 1^ 124 ^ the 

30 transport caLe 'l26 X' " ^ in the 

I" ! W ^ l0adl ° Ck chamb ~ 122. 

denote! wrT 1 " ' » 

(robots, m'J'iifi"^' ° r ^ Chambe " 

and lie, and one or more loadlocks 120 and 12? 

to be processed is taken fro, a loadloc*. placed ' 
successively into various charters as each chamber perform 
a particular process upon the wafer. 
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after c, This should be distinguished from C '- 
s processing seance- which is the order of Wyi[ T 
Processes (recipes! to a wafer „ PPiying 
-forms the «. process"^!! Ile^. 7^ 
Pressing sequence ma y he satisfied by sever^If ferent 

" 'A wafer which collates its processing sequence and is 
e urned to the loadloc* is said to he processed" " 
tool. Roughly speaking, a tool-, throughput is tZ k 
»« wafers processed by the too! per 

xf the tool needs t seconds to process „, wafers. theT 

•~7 (3) 
is the tool's throughput measured in the interval [0 t, 

for a oT ^ ^ in,PrOVe the C00l ' s throughput 

for a given processing sequence. However, one important 

improvement is to use efficient scheduling routing " a 
20 g lven processing sequence. 

criterU u^T^ S ° hedUUn9 t »™ ^ *°-e of 

^ into tn 9 " he " " trSnSfer * « f « £ ™ « 

chamber ln to the next ,and which wafers shouid be moved, if 

any, prior to that move,. a routine, which schedules the 

25 movement of wafers through the cluster tool (based on a 

:::: n inr- cessin9 ■ is » - • ~un 3 

The steady-state throughput of a tool under schedulino 
routine A is denoted by su, . « n>! then, depending a 
9xv- Processing sequence, one may consider a number o 
scheduling routines that fulfill the processing sequence 
The routine which maximizes the value of throughput 
deemed the -optimum- routine a*d the maximum attainable 

3s :/ i?r hput tao - " the cooi - s -t 

a oi S " ° £ 311 P ° SSible ~»eduling routines for 

a given processing sequence, then A" is optimum if 

S(A')=max(S(AI |A€A) 

(4) 



30 
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Clearly, the tool-s capacity S(A ., depeniJs on . given 
processing sequence as „eu as on chaJnber ^ 
parameters „ ithin t he processing sequence The 7rL 
Ending efficient scheduling routing fo 'a g^e" 

Possible) is of considerable pracUcal . mportm<:e 
Presently there is not. an automatic method of 
determining the best schedule, given a particular trace 
that provides the highest throughput £or that trac 
» TVpitally. a trial and error method is used I it u 

joined that provides a ^ — 

o^ver. the sufficient throughput may „ oc te ^ "Lt 
throughput that is possibie for a g iven trace . 
Therefore, a need exicfc 

IS apparatus that determteTai « t,*" * "* 

ucLermmes all possible schedules oivor, * 

^ Proves the maximum throughput for the given tract 
SIMMapv np ^ TmTt|TTn|| 

art art he "" £ °~ —"ted with the prior 
«t are overcome by an invention of a method and apparatus 
for determining all possibie schedules that acccp CT 
« trace, a pp lylng . ^ ^ * • 

"ut'r^- the — - «*n Lt 

result in the highest throughput. 

More specifically, the invention uses a set of 
deterministic rules to compute the varies schedules 
3» «st. a schedule is defined as a series of -letter l that 

»* »««« ^ the word defines ss ^ 
positioning of wafers within a cluster tool, of co" T the 
Positioning of the wafers within the tool must fu m the 
-e. i,.. Mch letter must £oUou from a 

de " " ith * Wticul - •« rules that 

define the trace. 

Given a letter (input letter, representing present 
wafer posxtions, the invention computes all possible 
successor wafer positions, i.e.. all possible valid 
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successor letters, as well as th- - . 

for the input letter . £ ^ v ^ . ° tal ^ ° f lessors 

•modules- for successor , 7 " Pr ° VldeS indivi ^al 
Dara]1(ll / successor computation for serial traces 
parallel traces, and mixed fra « . 

j-etcers of the successor letter* » ^ , 
is derived. The schedule tree contains a i ^ 
schedules that win fulfiu ! « P ° Mibla 

throughput of each schedule. By £ZL * T" - 
--"-with each schedule. an op ™ ed^f" 
schedules is identified. 

15 aBIEF destptptt^t ^ TT - lfT|||| 

~^ t :: - i~ a— ~»r 
in uith the acc °~ 9 ct'r" 

* . fencer that ^-^"S^L^T 1- 

Fig. 2 depicts block-diagram of schedule generator tw 
2 5 performs operative • yenerator that 

invention; * " • oe «*»» 1th the present 

trace: ^ ' * ° £ 3 4 —*« =«ial 

30 trace" 9 ' ' dePi " S 3 "° W ° £ * -i— 

Fig. 5 depicts a How diagram of a schedule 
optimization routine of the present invention- 

" "G. 6A depicts a schenBti(; d . 2 _ challb , r 

r "Td: £ ?• 6 showin9 a waf - -^ionT;, , 
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serial"! " * ° £ a 3 "^r 

5 FIG. SA depicts a schematic diagram of a 3-chamber 

,rr : f PIG - 8 ^ a - a£er in ^Tr.„ 

Fig. 9 depots a tree diagram containing partial 
schedules as constructed using the present invention M d 
Fig. 10 depots a fl „ diagram o£ a routine for 
» Prod^ng all possible schedules for a given trac uslng . 
backtracking technique. 

To facilitate understanding, identical reference 
numerals have b*en used, where possible, to designate 
^ identical elements that are common to the figu^ 

DETan.rn p B ^ TrrTnn 

A. Overview of the Invention 

As discussed above, FIG. 1 depicts, in part a 
schematic diagram of a conventional multipu. chamber 

tool i oo rs controlled by a sequencer that executes the 
scheduling routines determined by the present invention 
■ he present invention is embodied in a schedule generator 50 
hat produces scheduling routines which are executed by th 

25 sequencer 136. y e 

FIG. 2 depicts a block diagram of the scheduling 
generator 50 that produces i*. scheduling routines executed 
* t- sequencer to control the cluster tool !00 of fig f 
Additionally, the schedule generator 50 operates to ' ' 
determine an optimal sequencing routine for a given 
processing sequence and tool confiscation. Although, the 
^hedule generator is shown to remotely produce seniles 

35 Tn t a " """"" ^ "» could 

35 be practiced on a processor within the sequencer 

as wen' SChedUU 9en " a " r 50 M " tainS 3 "^"cessor 200 
as well as memory 202 for storing a schedule generation 

routine 2!0. a schedule optimization routine 212 and the 

scheduling routine(s) generated by routines 210 and 212 
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The microprocessor 200 coooerat^ w^v, 

cooperates with conventional sun™*-*- 

circuitry 206 such as power suDDli* c , u • su PP° r t 

and the l ike „ , su PP^es, clock circuits, cache, 

cue like as well as circuits that assist in executina 

the software routines. A s such it u - , SCUtlng 
c „ £ , sucn, it is contemplated that- 

S some of the process steps discussed herein Tsottlre 

processes ray oe implemented „ Uhin ^ 

circuitry that cooperates with ••>,«■ 

various process stLs Th microprocessor to perform 

P ocess steps. The schedule generator 50 also 
contains input/output circuitry 208 that form, • 
1. > r e„ convents input^ut nT^nTZlZ 
a Aboard. mouse, and display as „ ell as „ inte " a ^ 
the spencer. Although the schedule generator 5 U ° S 
deputed as a general purpose computer that is „ 
determine scheduling routines JLo^ w tHneT " 
» mention, the invention can be implemented In Ltar Is" 
an application specific integrated circuit ,ASIC> L 
such, the process steps described herein are in ended^o be 
roadly interpreted as being equivalent* perf T^V * 
software, hardware, or a cognation thereof 
2 0 The automatic schedule generator 50 of the present 

xnventxon executes a schedule generation routine 210 "L 
—es all possible schedules for a given trie T 

rot: \" tion roucine 212 £aciut " es - 

process of producing an optimum schedule for a given cluster 

disclose °" ln9 d6flniti0nS - ^ tbi. 

-Tool configuration- describes physical placement of 
chambers within a cluster tool. For example thlTT 
30 have chambers C c c r- , """P". the tool may 

one or more roots" ' " ' W " ^ « 

appliedT 655 Se<3UenCe " " ^ ° rder in Which -e 
appned to a given wafer. For example. P . is the name of the 

n-th process (e.g.. etch, and. ,„ P „ 
35 written as P,->P^P,, is a process sequence. 

-Processing capability- of a cluster tool is the result 
of -PPing a required process sequence onto the set of 
Chambers within the tool. The image of this mapping is 
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called a "trace*. For P Y amn i fl 

For example, a process sequence p -> p _» p 

n>ay be mapped onto four chambers r, C C and r , ' • ' 3 
trace 1 2 ' Cj 311(3 C 4 to yield a 

5 LL-» Cl -»( Cj v C 3 )^c 4 ^LL. 

Note that processes p n 

Pi and Pj are aaw-d . nto 

C.. respectively, while process P is ma „ 

process P 2 xs ^pp^ intQ 

Process P 2 is performed ^ 

C, are said to be parallel becaus a wat J^f? *' ^ 
" -her C, or C 3 (but not ^ . 

•*n v ln c 3 vc 3 represents an exclusive OR function. 

"Stage- is a set of one or more chanbe rs which 
correspond to the same process waf.r* • 
_l 1 _ P eSS ' Wafers V1 sit exactly one 

chamber from a given stage The „^,k , 

ls , w « 5 ^ notat10 ^ «VC>vc.) means 

h t wafers can _ tQ euher ^ ^ 

only lnto one of the ct — - j a s age 

composed of three "parallel- chafers 

2° the c i uster t00l . More fo J " tt t thr ° U9h 
possible wafer and robot states a V ° f 

— -m a finite setoTstate ll^l 

tit 1 : ~ represented as iett - 

- or example, ,f S M 0, 1} >, then <0,0,, 

' m r n! 1 P0SSible l6tterS ^ alphabet « -d 
(0-1) (l.D (0,1, is a word ^ * 

- Ea r r P r ifies the inst — - > ™ 

. example, as ls discussed in detail below a 

ers wxthxn a tool at a particular point in the trace 



5 



= xyz. . .uv. . .rtx, 
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which starts and ends with the same letter (e.g., x) this 
is the only repeated letter, and a successor v of a given 
letter u must satisfy alphabet dependent rules, i e rules 
which define a valid trace. 

5 A tracT 068 a " aVaUable " thrSe diffSrent -figurations, 
A trace xs a parallel trace if it is comprised Qf 

one stage; a trace is a serial trace if each stage has 
exactly one chamber and a trace is a mixed trace if it is 
nexther serial nor parallel. (Clearly, to have a mixed 

LO trace, the number of chambers in the trace is at least 

three.) a trace is said to be knotted if there is a chamber 
whose name appears more than once in the trace (that is. the 
corresponding process sequence contains a processing loop) 
To illustrate. Figs. 3 and 4 schematically depict 4-stage ' 

.= serxal and mixed traces, respectively. 

Fig. 5 depicts a high level flow diagram of the 
schedule optimization routine 212. The optimization routine 
contaxns a schedule generation routine 210 that produces all 
possxble schedules in an alphabet induced by., a given trace. 

•0 Routine 212 is an automated process that performs the 
following steps: 

a) Input a trace L (step 500), 

b) Produce all possible schedules over L (routine 210) 
using a two step. process, where the first step 

5 (step 508) generates all possible successor 

positions (letters) to which a wafer can be moved 
from a present position (letter) and the second 
step (step 510) uses a backtracking technique to 
change wafer positions such that other successor 

0 positions (letters) can be computed by step 508 

O Evaluate each of the schedules in (b) with respect 
to throughput (for a given set of robot and process 
parameters) (step 504), 
d) Record a schedule or a set of schedules which have 
the highest throughput for the given trace L (step 
506). P 

Since step (c) requires a throughput simulation program for 
computational efficiency, steps (a) , (b) and (d) are 
generally incorporated into the simulation program 



WO 98/57358 PCT/US98/11320 

-10- 

A Plurality of embodiments of the nre^nh 

*™ *~ » b, c. D Z7i:i r tion are 

(O.D alphabet, ^ ^ ^ 

letter and nodules needed for citation of successors are 
given in Section B tor a serial r r *„ * lessors are 
»ixed and parallel trac s s ^ ' ** 

- extended to .elude robot u 

computations. Lastly, a generalized backtracking 
10 for aeneraHnr, ,n - °acjctracking routine 

a 7J T P ° SSlble SCh6dules '«« a given trace 

applicable to any trace with or without a robot is 
presented in Section E. 

B. Schedule Generation for Serial Traces 
15 An n-chamber serial trae* t aB ^ 

in Fir ^ • ( illustratively depicted 

in FIG. 3), comprised of chambers C C r ■ 
„. K , 1 ' L »" , " C «' is associated 

»lth an n-tuple fron, the alphabet <0.1>-. I £ J ls such , 

tuple then, for i. ll2 ^B,,^ 

- *1. if c, contains a .afar. ln accordance with this' 

::~ ation ' a scheduie s is — 

S= v. ..I, 

» IstelT 5 "* ^ ~ - this 

the only repeated n-tuple in the string. In addition 

two consecutive „- tupl es Z ^ ; „ the ' 

a successor of o. differ in at- ► 

• t "° c °° r dinates and are 

related in accordance with the following rules- 

V « .OH. then ;[,),!. Foralltel , ;w (tUs 

Into" " 9 " a£er ^ ^ £t ° m ^ lMdl ° Ck 
=.> M SMI. then Porall k <„. 

:~ s to a wa£er ^ ~- «* 



WO 98/57358 PCTAJS98/11320 

-11- 

*>> tor sane k e (o,n>, u [k ,.i and Jlk+1]=0 , then 

and y[lttl]=l. For all i « / k W i\ Tr-l "n 

i e IK.k-tl), v[ij=u[i]. IThls 

correspond to a wafer being moved from c k into c „ ) 

5 FIG. 6 illustrates all po S s ib i e schedules availabl . 

two schedules, in a 2-chamber serial trace. fig. J^ cts 
. schemata diagram of the 2-chamber serial trace of FIG 
hav.no a wafer in position represented by the 2-tu P le ,l'o 
These „-tuples are referred to herein as the coord nat ' ' 
10 wafer posrt.on.nc. Fro. position ,1. 0, . the schedule of 

6 dlCt " eS that the "*« is next moved to a position 
represented by the 2-tuple ,0.1,. i.e.. a wafer is now n 
chamber c, and no wafer is i„ chamber c,. Thereafter, the 
schedule may follow one of two paths, either the wafer in c 
15 rs moved to the loadlock „ ua fer positioning that is 

ch~ ed ,a by 2 ; tuple (0 '°" ° r ^ waf ~ is «— 

chamber c, (a wafer positioning that is represented by 

po st! ^ 5UCh ' "* 2 " tUPle "^«" * of 

2 0 fulfill a step in the trace. 

Similarly. FIG. 7. illustrates the seven possible 
schedules available in a 3-chamber serial trace and FIG 7A 
depots a schematic diagram of the trace of FIG . 7 having a 

S p =(l,l,l) (1.1,0), (1,0.1) (0,1,1, ) (1,1, l) 

s w =(i,o,o)(o,i,oi(0,o,i) ( o, o,o)(i,o.o) 

S «=<1'0.1) (0.1.1) (0,1.0) (1.1,0) (1,0,1) 
represents particular scheduling routines that are generated 

30 by the schedule generator for a three cha^r serial™ 
Such schedules may contain a set of robot and chamber 
parameters that yield higher or lower throughput than other 
schedules xn the set of all schedules. As such , the only 
way to determine an optimum schedule is to examine the 

35 throughput under all possible schedules and, using the 
optimization routine, determine which of the schedules is 
optimal . 
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As mentioned above, the 2" binary n-tupl es ( position 

ZT71 are regarded as letters from the ^ 

(0.1) • A f lnite string of letters is referred to as a word 
or example, .-tri-g. S P , S w , and s, are ail 5-l etter ^J^' 
5 n t s terminology, a partial schedule S of leng th k is a 
k-letfr word S(1, S ,2, . . . S(k , in which next letter S(i + 1, 
depends only on the previous letter S(i), i=i 2 kl 
» built according to rules («,,., 8|)f and (s 3 > stated above 
in accordance with these rules, all letters in a partial " 

10 schedule are different. A full schedule is a word 

W(l)W(2,... W (n) such that W(1, W (2, . . .w(n-l, is a partial 
schedule and W(n)=W(l,. For example, the word 
W=U,l ; l> (1.1.0) ,1,0,1, (0.i (1 ) is a partial schedule, where 
W(D = (1,1,1) andW(4) = (0,l ( i,. .(Generally, if w= ^ r 

15 then W(i) = n t ). 1 

From the definition of a schedule, if u~ u Z is a 
partial schedule, then 5^... is also a 

(Partial or full, provided ^ is obtained ^ ^ 
to rules (sj , < Sj , , and (Sj) . A giyen ^ ^ 

20 anywhere from 1 to [n/2 ]+ ! successors =w . The ^ 

successors (variable nn* below, is easily determined by the 

following function: 



25 



30 



35 



40 



function SerCount(« k : letter): integer; 

i, nmb: integer ; 
begin 
nmb:=0 

for i L =l to n-1 

if "Ji]=l and w k [i + l]=0 
then nmb:=nmb+l; 
■ ™^ : =^iHu k [«] +((l + i k [l]) (mod 2)) 
return (nmb) 
end; 

where SerCountt « k , represents the number of successors of u 
» a serial n-chamber trace. Since, in an exhaustive 
search, all the successors are examined, the foregoing 
pseudo-code determines the total number of successor letters 
that must be computed to complete an exhaustive search 
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_ Generating all SerCountU) successors of a given letter 
u is not particularly difficult. As each successor of u is 
generated, it is stored in a binary matrix Z that has 
SerCountU) rows and (n + l, columns. The last column of Z is 
5 reserved for a Boolean variable that is set to true if the 
successor was used in a partial schedule and is set to false 
if the successor was not used. This entry is used later in 
the backtracking routine (discussed below with reference to 
FIG. 10) that generates all possible schedules for a given 
10 trace. The successors of a given letter are determined by 
the following function. 



20 



25 



function SerGenerator( M: letter): matrix; 

15 i : integer ; 

begin 

if u[\] =_0_then begin 

copy ( u , v ) ; 

v[l] = 1; 

store(v.Z); 
end;_ 

if u[n) =_l_then begin 
copy ( u , v ) ; 
v[n] = 0j 

store (v,Z); 
end; 

for_i:=i to n-1 

if "[<>1 and a[i + l]=o. then begin 

copy (tt,_V); 

v[i]=0; v[i + l]:=i ; 

store ( v , Z) ; 
end; 

return (2) ; 

end; 

There are two functions which are used repeatedly in 
the above pseudo-code. Function copy Cu .v) returns letter 
« that is a replica of letter v. This manner of 
implementing rules (s,) . ( Sj ) , and (,,,, in which the routine 
first copies u into v and i then modifies v, is not 
inefficient because u and v differ in at most two 
coordinates. Function store (v,2> copies letter v into a 
proper row of matrix Z. Note that in the above module, the 
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routine copies a binary n-tuple twice; clearly, in 
implementation, the routine copies the successor of 5 
(slightly altered n-tuple =) into the proper _ q£ ^ z 

.5 Using the foregoing pseudo-code and given a letter u in 

a serial trace, the pseudo-code generates all possible 
successor letters of Z and stores them in matrix 2 For 
example, in FIG. 7, given the letter (0,0,0), the 
pseudo-code produces a string of valid successor letters 

a different xnxtial letter, a different valid set of 
successors is produced, e.g.. l etter (0 , 1(0) 
letters ( l,i, 0 ), (i, 0 , 1)( (1(M) ^ (0 , 1(0) / P 

15 C. Successor Generation for Mixed and Parallel Traces 

The representation of an n-chamber mixed trace by a 
binary n-tuple is slightly more involved because exactly one 
chamber from a given stage is visited by a wafer and there 

20 HI n 7 afSr tranSf6rS Wit ^ ^ StSge - ThUs ' schedule 
20 generation routine must recognize different stages as well 

as parallel chambers within a stage. FIG . 4 depicts an 

illustrative mixed trace containing four stages with six 

enters, where chancers c, and C 4 are serial and chamber 

Pairs c,(a>. C,(b) and Cj (a), C 3 (b) are parallel 

25 Without loss of generality, it is assumed that an n- 

chamber mixed trace is comprised of k successive stages 
1>F2 F *' k " n - If 1 ' 2 * are Positions in a bina'ry n- 

tuple x that corresponds to chambers c lf C 2 c^, 

respectively, then positions 1,2 corresponds to 

30 chambers in stage 1, positions \F\+\\ F \ + 2 \F\^\ 

correspond to chambers in stage 2, and so on. if chamber C- 
belongs to stage F t , then position i in the corresponding ' 
associated binary n-tuple x belongs to F t and lf f t (while , 
in fact, i is one of the consecutive \F\ positions in i). 

3 5 in this representation, a schedule is a finite string 

of bmary n-tuples which starts and ends with the same 
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binary n- tuple. This is the only repeated " 

word, m addition, if 57 is a , u ,,« e - the 

differ in at n^r , successor of u . then <7 and v 

xrrer in at most two coordinates and the f«n« • 

define the relationship of U and v": ^ 

i 

»!> « for see i s Fl , „-[,.).„, ^ ^ an 

*-4 *M=sW<Th is corresponds to a wa£er 

moved from the loadlock into stage 1 ) 
' -2) » for some i e Ft . ^ then , [iJ = 0 

J* I. »M = */] . (This corresponds to . „ af er being 
moved from the last staa^ p < 

stage ln to the loadlock) . 

m 3 ' ^f for some i e p 

« F t and some j e f £+J , . , and 

=l;] = 0. then v-[/] = 0 and v(,] = ,. For all 
-M. (This corresponds tQ a wafer 

moved from stage F*. intn t-^ „ ^ 

^ye f£ . lnCo ^ next stage Ft j 

In determining the number of successors of a • 
— it „iU he h^ to define . ^ £~ 

20 «. \f,\, 

"here W is the sU e (nu ^r o£ chanters , ^ 

above sequence reflects the partition of the index set of - 
into stages. Clear! v m i_ maex set of « 

Clearly, M k =n, where n is the number of 

chambers. The number of successors of U is del-* • , 
2 5 the following function: determined by 

function MixCount(i7: letter) :integer ; 
30 be^ 1 ' j ' «mb:integer; 

nmi>:=0 

for i;=i to M x 
if «ti'3 = 0 

35 then nmb:=nmb+l 

for j-l+Jtf^ to jfc 

if «('] = 1 
then nmb: =nmb+l 
for c:=i to /c-l 
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for i.-l+tf^ to M 

for j:=uif t to M t+1 

if "[']=! and 5[;] = o 
5 then nmb:=nmbfl • 

return {nmb) 
end; 

^ 0USly ' " ^ ^ ^ ^ °» *~ then 
Mxxccunt,.-, becomes SerCountlff, Uso tor . 

10 n-chaaber trace, due to k-, ,„ , * PUre paralle l 

uo k-i, the 3-nested *for* o«- - 
m the above pseudo-code are null- hv ■ • Statements 
loops (since there is jus * '° inin9 the first two 

reduces to- ^ Stag6) ' the P"«*o-code 



15 



function ParCount(«, letter, integer; 

i , nmb: integer ; 
begin 



for i:=i to n 
if 5[i] = 0 or 
then nmb:=nmb+l- 
return (nnzb) 
end; 



25 



30 



which always returns nmb = n . Thus in „ 

Motion MixGenerator ( u : letter) „« rlx , 



t/ i/ j'rinteger- 
35 begin 

for i:=i to m 1 

if «[i] = 0 then begin 
copy (u , v, ; 
*[<]:= I; 

endf t0re(V "' 2) 

for j:=l +Wjt _ 2 t0 ^ 

if "[;'] = 1 then begin 
copy{u , V) ; 

store ( v ,Z) 
end; 

for t:=l to Jfc-i 
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for i:=l+M t _ 1 to M t 
for j:=l +W( . to M t+1 

if E[i]«l and u[j] = 0 then 
_ copy («, v) ; 

v[/]:=0; v[ ; ] := i ; 

store (v,Z) 
end; 



10 



return (Z) ; 
end; 



15 



Functions copy (17,57) ^ st 

in the corresponding routine for seria It J '~ ~ 

this time ^trix z ^3 MixCount , ( ^ te 
Again, if m -t i, (n+1) c °lumns.) 

M t -t and k=n ln the above function, then 

^r^^rrr s r neratoru ~ > • p ~ - — 

a given Utter ^ is: Urates successors of 



20 ^ Ction ^Generator (ff : letter) :matrix; 
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i : integer; 
begin 

for i : =i ton 
begin 

c °Py (u , v) ; 
if «[/] = l 
then v[/]:=0 
else v[i]:=i 

store (v,z) 
end; 

return (Z) 
end; 



Note the similarity between functions that count 
35 successors and functions that generate successors t„ . r 
conditions for identifying a successor are icen cal L t h 
types of function; the difference is what is 2rt,L^ 
the condition is detected. Performed once 

FIG. 8 depicts an illustrative schedule tree for a 
3-chamher mixed trace, .e.g.. u^-.c.vc,,^.,. where the 
successors of a particular letter are determined using the 
MixGenerator(ff) pseudo-code. FIO as d^i , 
diagram of the trace of ™ . ha *T" S 3 *<*««i* 
Position ,1,1.0,. ^ - 
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S r„7 h I "TIT ™ "** 

5 chambers Cl ,c, r ,u com P rise d of 

1 2 c n< the routine must associate a 

(n+1)- tuple from {0,l) n x {0( i nl Tf - . 
then, for i=i 2 „ -f i T ' 13 SUCh a tu P le - 

. *l'H>'«*— is empty; and 

"M- . x£ C, contains a wafer. Thus , as ^ 

coordinates of I are f rom {0#1} _ . . . . . 

" scribed by the last coordinate of ^ f e 

3-tuple (x x-vi 3 ln the 

v-i-e ix^x^x,), where x, and x arp ua f^ 
x is - ™w a x, are wafer coordinates and 

x 3 is a robot coordinate. We set Ifn + il t 
m„ . . + = * if (and only if) 

the robot rs portioned at the loadlock 

" F or Ut ^ rePreMnt alPhat<t °' ^ **» 

3 -tuples, namely, 

^■""•••••'•«».o.-i)..o,o,a ll ,o.i,„. w . lll ,, (0j 

20 -•«).a.o ; :, ( , 3;2l;i! . : , 5 , (1 , :;Ki::;: ;;^ 

P=r an „- chanber serU1 w . s ^ ^ ^ 
<n.l.-tu Pl es fro. ,0,1,.,,.^ „, ^ 

These -tuples are referred to , ► ' 

" alphabet V te brfor. , , " U " erS '""<*• 
^ M b * fore ' * word is a finite string 0 f 

letters from s n . For example. 

'«.o.-o,a.o ;11( o. 1 ..2 )( o, 1 ..o 1 a. 1;llll . li21(1 , 0;0) ^ 0;ii 



30 is 



35 



is an 8-letter word. Not-P t-w , 
lettpro o rd contain repeated 

;-; e ;^ le ,^ isaword( , tnou 

in this representation, a schedule S is a word ( a 
string of the above described (n + l» - tup i es , , 
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S = Xf-'UV-'-yx , 



which starts and ends with the same letter and ^ ■ 
only repeated letter. FurthermorT * 15 the 

5 letters a and v (where v is T ° C ° nSecutiv e 

^wnere v is a successor of i7i ^« 
most three coordinates and are relate " 3 

the following rules: " aCCOrdan ^ with 



10 



15 



20 



25 



30 



•i m sW-o«a'ij 11 + ,j.,, chen v1l) = 1 ^ . [n+|) i 

FM 1 e{1 - n+1) ' W-lfl- <»*. correspondence to 
a wafer being moved from the loadlock to c, I 

For all i e{n,ntl}, 51/1 = 3,1 (TH . „ 

u (This corresponds to a 

wafer being moved from c n into the loadlock., 
cl If for some «{(,.„}. «[,]=, ^ j,^,,^ ^ 
«I- + l]-r. then v W = 0 and ^-M]=land = 

^ 1 e(r '" 1 --'). 10-iIfl. «hl. corresponds 
to a wafer being moved from c k into C(ktl) . where 
neither c k nor c (k+1| is a loadlock.) 
*> « SW-0 and *♦!].,,*«. J * o. then *♦„.„. 
For all i * „„. (Th . s corresponds to a 

robot moving from home position at Cj to a home 
position at a loadlock in preparation for a wafer 
■»ov lng from the loadlock into Cl .) 

•) M «H-I and «[„„., uhere J>n ^ 

For all i „ n.l. *(,] = „-(,•]. (This corresponds ^ ^ 
robot moving from a home position at Cj to a home 
Position at c„ in preparation for a wafer move from 
C n into loadlock. ) 

f) If for some r * {0 , n}( *[,]=, ^ ff[r+1] = () ^ 
St« + 1]»7 where j * r , then v[ n + 1] = r . For &n 

= (This corresponds to a robot moving 
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from a home position at- r ►« u 

^on at Cj to a home position at c 
in preparation for a r 
r S Waf er movi ^ from C r into c , . 
C ° "PWMnts the loadlock.) r+1 ' 

5 Note that rules la\ iu\ 

-1- (a..,b,, and ,c, . re s LtJl y ^ * 

^ . r iirr ;r these - 

and serial traces ~ «=es for 

'•I through ,£„ ' LI * £ ° U °»^ steps 

transfer is possible ,. B JLl * '\ * «"« 

.« the t0 1U ~ <.-... *- 

ZJ POSUi0nS « 3W « **> •< * -hieve • 

—ions use, are Z^T' ~ 

the foregoing description of Z^ZTTT™ ' ' ^ 
Mixcountu-, ^ m^erator,.-, To^rs 
» ■» could readUv Mity the sl m t fo o - ^ " 

"** — -e r:r; f ; or 

E- Generating Schedules From A Trar» n • 

Technique * USlng a Bac ktracking 

3 ° Backtracking algorithms use special nrohi 

techniques to systematically explorTw f W "~ t » i1 ™' 
graphs (usually trees) Such ,7 ln * llci ^y directed 
the art. m the schll'i «« well known in 

— - ~ tt rr- a backtracking 

3^ Previously discussed successor ZtZ ™ « «» 
SerGenerator(«) or MixGenerator ( « ) ) to Jl 

Possible schedule given a oarH V ^ 
y±ven a Particular trace. 



WO 98/57358 PCT/US98/11320 

-21- 

Ut be the startin g letter of a . 
the rules £ or adding a successor y n9 

Sections B, c or D above the for. bussed in 

P-tial schedule, say ^ ^"L™**" build a 

5 questions to answer every time a new letter Sv is H , „ 
Partial trace S: k+1 " added t0 

a) Is H x u 2 ■■■u k u k+1 a full schedule?. 

" "l"2- - k " k+1 is a full schedule, are there 
other full schedules which have not oeen recorded, 

A word ff lffa ,. ff]wl is cognized as a full schedule if 
it is built according to rules for successor 
-re exists an index i<ku such that ^J^^? « 
etters ^ Bj ... » k ar e different. Th us. to determine a 
15 full schedule a routine checks whether or not 

°k*l*»i. 1=1.2.-, k. 
for every newly appended letter u ktl which is a proper 
successor of 5 k , 

Once it is found that l,* M £or some ^ 
« routine either prints or stores the fu!l schedule 

"1*1 -Sk,l- To find other schedules, the routine removes 

£ ro. the full schedule s and looks at see other unused 
successor of If ^ u ^ . ^ 

" ^ r ° UCine Checks i£ »1 -«k? is a full schedule, if 
25 Si ..M k Z is not a full schedule, the routine looks at 
unused successors of l and so on. I£ ^ ... Bfcl u . ^ 

schedule, the routine removes l and looks at .„„..,, 
successor of If another unused 

«k- « there are no unused successors of s v 
the routine goes back (backtrack, and looks at unused 
» successors of ^ Md so on , ^ ^ ^ ^ ^ 

the starci„ 3 letter * x . Basically, the routine contains the 

following sequence of steps: 



4. 

10 5. 
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1- (Initialize.) choose t-h« i .... 

uioose the letter u x of a schedule 

and go to Step 2. 

2 - If schedule ., ,7 • 

«1«2 -u k is not complete, go to step 

3 . Else, go to Step 4. 

3. .n„ d . successor letter (of ^ ^ ^ 

p«tir?i ; hich " not usea ' it * * 

PTtul schedule and go to step 2 . . M there m n0 
unused successors, go to step 5. 
Print or store the schedule end go to step 5 

" J£7" °° "** SChKiUleS ' then ST0P ' «»■ •> 
«■ (Backtrack., RemoVe the lMt ^ £r(jm ^ 
complete schedule and go to step 3. 

15 Clearly, the routine must ensure that It does not print 
(store, duplicate schedules in step 4 as well as Z he 
outrne has printed .stored, all possible schedu^ £ 
former rs accomplished in step 3 where the routine append 

2 0 "hi " « "» ^ ^ - 

co„d if mSUred * a proper ^ination 

condruon (for e»mple, the routine is at U, ,the initial 

letter) and there are no unused successors) . it is 

one successor, e.g., ^ 3r ^ . ^ ^ ^ ^ 

25 colu,m lro »> of an n by n identity matrix 

For example, as illustrated in Fig. 9 . starting ^ 
letter 0, the routine builds a tree whose nodes are letters 
M r is such a node, the children of I .„ 
letter f ,^ < . ° 1 '" lcen ot * "e successors o£ a 

etter r and, for serral traces, there are exactly 

30 sercountu , of the successors. As such, the routine 

produces 0, 0 ?1 and Oe^ as successive partial schedules 
.The word 0?1?2 is a direct path from node 0 to node h , 
Since e^ 2 and h are successors (children) of e 2 . wrd , 
*hh<h*h> end 0?^ «, ^ schedules ^ 

35 »=w. ?3 has two successors (JV .-, ^ fj| , „ hile ^ 



10 
x 
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only one successor ( s- _ 

„ s («l*« 3 >- Hence, 0e 1 « 2 (? 1+f )( ? f , 

and + - e } ^ 5 - 

J l c 2 e 3 e 4 are al l partial 

schedules and so on 

positions; so s(l, is the first letter in S 5(2) Z 
second, and so on. The level of a search t'JJ " 
L this is also the length of a parti h £ ~ * 

schedules of length L are thus paths of length i, in I , 
Potion sent,., returns the ^L^t 

- ----- 

- is a P^cLSTor^r^T mOV6mentS - 
P-ial schedule of length L+ l 2 « 1, £° *™ ^ 
» Wh of s is L and S(L)=W . then S-w haiTeng lT Un " 

is n / ■ ^tment to data organization (structure 

x- necessary ln an efficiently designed routine kZI 

20 "st ™ of ch — « «- " K :: p Q r 

successors of a gxven word, is relatively small. Tnus ifc 
does not make any difference if the routine generates al 
successors of a given letter and stores them „ 
dynamically generatina t*. ° PP ° Sed t0 

arises. 9eneratln9 the successors one-by-one as the need 

" the ?\? SiC SCh6dUle 9Snerat0r r ° Utine can ^ summarized by 
the following five steps: ummarized by 

1. initialize the schedule: S*-6 and L<-1 and go to 
Step 2. 

i0 2 " *<-S{L> and 8<-cnt(I) qhom x „ 

"■ U| - btore o successors of 

and mark them unused. Go to Step 3. 

3- S^y.andL^landM-l. Mark y, used and go 
to Step 4. 

4. Compare S(L) with S(l), S (2) S <L-1) 

respectively. If s(i)=S(L) fQr Some ^ g 

and L and go to Step 5; else, go to Step 2 
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5 - S ^ S - S(L) «ai*-L-i. If L=l STOP- .1 

Step 6. 6lSe< 90 t0 

6 - If 8=0, go to step 5 pi eft rtl 

P Else (&>0) < a PPend an unused 

initialized to 1 v, ,„, ' . QMrl *' ^ WM be 

" ^ convenience, the routine ^ ^ in «• 
accessor. A lett ^ J" "~ 3 Utter «« - cn ly one 
-i c^s are ^ ty ° °~ « -i-tion in which 
Processing wafers) 1 jusC ^ 

r » step 2. the routine first find, fh „ v - 
» lessors. of ^ ^ ° £ 

schedule s.dearly. I=s(1)) 

rr succsL - ^tr r'^rr 

- first field is the actuate ~ ^ he"" 
is a Boolean variable with value true Tf ll T 

used in a particular partial ZZ^tZTT' ~ 
otherwise. (Or the "W^* S and value false 

» - - list o £ ^r.T^r: r : p ~° n 

above.) uescriced in Sections C and D 

letter^r/apUr Lte^ S ~ « <* ^ 

» successors of , is decrease^ 1 IrT^ 

least one successor to any g ivl Utteo ^ * " 

In step 4. the routine checks if s is , f, 
^ ccparin, the „ wly added ,the l«t et er „ 
previous letters S(l,. s(21 , ... ,, ' ^ S(LI «<* »U 

» -crushed every ti»e a new'i « J J""' ^ * 

partial schedule , if S(I ? " 3 

' " S(M ls * repeated letter, the 
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routine prints (stores , the ^ ^ 

continues with building the schedule 

When a partial schedule becomes a full schedule 
SC1.SU, ,«.,, after storing the schedule, the routine 
5 removes the !ast letter s(L) a„d loo* (or some other unused 
successor of S( L -1, . « there are some unused success 
the routine appends a successor to the partial schedule ' 
finds ,ts successors, appends one of these successors a*d so 

10 f .1 ^ "° successors - routine removes S(L-l) 
10 from's and looks for unused successors of SU-2, and so on 

The program terminates when w and 8=0 (meaning there are 

no unused successors of the first letter) 

the t\ r ,° Utine Sb0Ve is '« «y representation of 

the scheduling problem. That is. either serial or mixed 
15 traces with letters from (0.1," or eicher of ^ 
with robot position being part of the model (and thus 
alphabet from. ,„.!,» x {0 .i....n),. clearly, factions that 
count and generate successors of a given letter are 
different each time. 

2 0 Fig 10 depicts a flow diagram of a schedule generation 

routine 1000 that operates as generally discussed L ve 
The routine 1000 begins at step 1002 by initializing the 
schedule, e.g., setting an initial letter to an n-tuple 
(n-string, of zeros. At step 1004, the routine finds 

25 stores and marks all unused successors of the last letter in 
a partial schedule. The successor letters are determined 
using the pseudo-code routines SerGenerator, ParGenerator 
and MixGenerator and the number of successor letters for 
each letter is determined using SerCount, ParCount and 

30 MixCount. Of course, as mentioned above, if the robot 
Position is to be taken into account, these pseudo-code 
routines must be appropriately modified to accommodate the 
expanded letters and the modify rules of successor 
generation. 

35 Then, at step 1006, the routine appends an unused 

successor of the last letter to a partial schedule as well 
as increases the length of the schedule by one and decreases 
the number of unused successors by one. The routine 
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Series, at step 1008 . „ hether ^ 
partial trace has been reached If . 
answered, the routine proc S'aio c l " 
1004 if fh . • Ceecis alo "S tte NO path to step 

1004 . If the query ls aff irmatively answered th. . 
s proceeds to step 1010 where the schLle Z ei Z ^ 
or stored. either printed 

Steps 1012, 1014, 1016 a„ d lfll8 represent 

---e the schedu, length ir™;::^ 

«ep 1016. H owever. if the ^ stgatLT " 
Routine proceeds to step U^r^™' 

letter. If the query is negatively answered th. 
rouune proceeds along the NO p^th t0 step lot 2 o^L- 
«* routine proceeds to step 10 20 where 1 Zed TZ7r 
» appended to the partial schedule. The routine Zl 
20 returns to step 1004. > 

311 schedules are determined and stored 

1"T «■ P-essed by a conventional 

t oughput model. Specifically, each schedule is used * 
the model to predict a throughput for that schedule £ 

schedule having the highest (best, throughput. The'l^ul 

control the sequencer, The throughput model may be executed 
P» the spencer compter or. more lifcely. it ifex" 

scheduTesT"" C "*' t - * U 

schedu es for a g.ven cluster tool configuration. The 

35 model to determine the optimal schedule. As such IZ 
present invention facUitates automatic determina ion of an 
optima scheme in a rapid ^ accurate m»ner that J 
heretofore been unavailable in the prior art. 
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Although various embodiments which incorporate the 

I2i of r present inventi ° n ^ *~ - 

r!!di h ^ " h6rein ' th ° Se Skilled in th. art can 
readUy devise many of the varied embodiments that st U 
5 incorporate these teachings. 
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What is claimed is: 



1. A method of producing schedules for process ino f 
* « a multicham^r semiconductor wafer prL es 7 
comprising the steps of: P^essmg tool 

(a, providing a trace defining a series of chamters 
that are visited by a wafer m,« * . cnamt *rs 
tool; S ^ Waf6r is Pressed by the 

10 ' (b) initializing a sequence generator with . • • • 
value of a variable defining an initLl wafeT ^ 
with the tool; and positi °ning 

(c) generating values of said variable t-w 
all valid successor wafer positions r^d to 

" ~. — -~ 

2. The method of claim 1 further comp 
computing a total number of variaM. , , 

20 given variable value. * ! " 5ner " ed {r!M * 

3. The method o £ claim ! £ur ther comprising the steps of 

(d) backtracking through said series „f „ • v, 
in said partial schedule and ^lyiZZ jl ^ 
in said partial schedule to prlc ™ 1 l"f T 
vriaMe representing additional series otv s c l 
represent additional partial schedules.- and 

(•) stopping said backtracking when all possible 
variab e value combinations are produced that represent all 
possible valid schedules for said trace 



25 



30 



35 5 



is a T L\r h °V £ Cla " 1 *~ ta 3 ° f variable 

« a letter and a plurality of letters forms a word. 

The method of claim 4 wherein a valid schedule is 
defxned by a word having no more than one repeated letter. 
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6. The method of claim 4 wherein each letter contains a 

-tuple, where n represents a tQtai ^ nta lnS a 

positions within said trace. 

5 7. The method of claim 6 wherein n represents a total 

number of wafer positions within said trace plus a tran , 
robot position. transport 



10 



8. The method of claim 3 . . 

. aiJn 3 further comprising the step of- 

(f) identifying at least one schedule in all no.c^i 



. The method of oUi. 8 wherein said identifying step ,f, 
1 „ COmPriSeS ^ ° f «™- ^ throughp £ ' 

thl^ K SCh6dUle '° r Che P-duces 

the highest throughput. s 

20 10 The method of claim 3 wherein said barracking step 
(d) further comprises the steps of: 

<a') initializing a schedule to an n-string of zeros 
having a length of one; 

- in a Z!^: 111 ~ — - . last letter 

schedule! " SUCCeSSOr " 

one . inerMSin9 the len « h °« 'he partial schedule by 
one and decrease a number of unused successors by one 

sch „ ? ) . qUeryU19 " heth « th * l-t letter of the partial 
schedu e „ the same as a previous letter in the pltial 

schedule and. if not. repeat steps (b-1 , C M (d) f, , 
until the last letter of the partial schedule' i t e^'a 
• prevxous letter in the partial schedule- 

" and "T" ** P " tU1 SehedUle M * ^edule 

and storing the length of the full schedule- 

<9-> removing the last letter of the full schedule to 

thfTn* D !l Partial SChedUle ^ th. length of 

the full schedule by one; 
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(h') queuing whether the length of the new partial 
schedule is one and if h,. i v . parciai 

one and, if the length is one, stopping- 
otherwise, proceeding to step (i< ); 9 ' 

<i') querying whether there is an unusert * 
5 the last letter and if rta successor of 

the last let? n ° UaU8ad lessors of 

he last letter, repeating steps ( g -,, (h<> and <i<, until 
there ls an unused successor of the last letter- 

schedule' Z k tr t V he UBU " d SUCC6SSOr " - 
scnedule, marking the successor as used and decreasinn ,u 

10 number of successors by one; and dec ^ lng the 

(k') returning to step (b'). 

11. The method of claim 1 wherein successor variables 
values are defined by successor, generation rule s^ are 
15 prescribed by wafer processing parameters. 

12^ The method of claim 1 wherein successor variable values 
are generated with regard to transport robot positioning 

20 13 Apparatus for producing schedules for processing a 
wafer in a multichaml>er semiconductor waf er proc I" tool 
hav lng a trace defining a series of chairs ttT * 
-sited by a wafer as the wafer is processed ^ ^ 
said apparatus comprising: 

" »i 3 9enerat ° r ' ^ with an initial 

hint: d6fining ^ ^ ^itionii 

within the tool, for generating values of said variable Lt 
represent all valid successor wafer positions relat^ o t 
initial value, where said values of said variable ak 
30 together, form a partial schedule for processing a ITr. 

14. The apparatus of claim 13 further comprising means for 
computing a total number of successor variable values 
generated from a given variable value 

35 

15- The apparatus of claim 13 further comprising- 

means for backtracking through said series of variable 
values in said partial seq uence and selecting each value in 
said partial schedule as an input to said sequence generator 
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^uLT 65 -^^ ValU6S ° f Said Variable ~™ing 
additional series of values that represent additional 

Partial schedules, whereby all possible schedules for said 
trace are generated. d 

5 

16. The apparatus of claim 15 further comprising a 
throughput model, coupled to said sequence generator for 
computing a throughput value for each possible schedule in 

said all possible schedules. 



20 



30 



H *". ,B " r * CUS ° £ 16 comprising means for 

ident lfylng at least one schedule that has the largest 
throughput value. 



15 18. 



A schedule data structure, stored in a computer 
readable storage medium, of a schedule for processing a 
wafer in a multichamber semiconductor wafer processing tool 
comprising: * 



comprising 

a Plurality of n-tuples ( where n is a total number of 
possible wafer positions, and the plurality of n . tuple , 
contains only one duplicate n-tuple. 

19. The schedule data structure of claim 18 wherein n is a 
otal number of possible wafer positions plus a position of 

25 transport robot position. 

20. The schedule data structure of claim 18 wherein the 

n-tuple has a form (x 1 ,x 2 .x J ^ . ^ ere x defines ^ 

contents of a particular chamber at a particular point in a 
schedule and x has a value 0 when a wafer is not positioned 
xn the chamber and a value of 1 when a wafer is positioned 
in the chamber. 
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INITIALIZE: SET SCHEDULE TO N-STRING OF ZEROS 
AND SET ITS LENGTH TO ONE 



-1002 



FIND, STORE AND MARK MJS£D ALL SUCCESSORS 
OF THE UST LETTER IN A PARTIAL SCHEDULE 



J004 



I 



1006 



APPEND AN UNUSED SUCCESSOR OF THE LAST 

LETTER TO A PARTIAL SCHEDULE AND MARK IT USED- 
INCREASE THE LENGTH OF THE SCHEDULE BY ONE AND 
DECREASE THE NUMBER OF UNUSED SUCCESSORS BY ONE 




|PRINT (OR STORE) THE SCHEDULE AND ITS LENGTH 



I 



-1012 



REMOVE THE LAST LETTER (AND DECREASE THE LENGTH OF THE SCHEDULE]] 



■1016 



(stop) 




-1020 



APPEND AN UNUSED SUCCESSOR TO THE PARTIAL SCHEDULE, MARK IT USED I 
AND DECREASE THE NUMBER OF ITS SUCCESSORS BY ONE 

^ FIG. 10 
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